In many mammals, the skin of the rhinarium includes a thick epidermal layer. The skin surface can be smooth but can also display a structure formed of domes, ridges, and polygonal areas: a dermatoglyphic or rhinoglyphic pattern. Each structure consists of an easily visible, large area of the epidermis. The abdominal epidermis may or may not have a dermatoglyphic pattern. The abdominal skin examined in our study had no pattern and was consequently unstructured and smooth. The ultrastructural surface pattern is formed in the granular and corneous regions of nasal epidermis by desmosome protrusions projecting into adjacent keratinocytes. Complete retraction of the keratinocyte protrusions with desmosomes in the abdominal epidermis creates an unstructured, smooth surface. The cornification process differs morphologically in nasolabial and abdominal skin. In this study, we report a novel structure in the nose skin. It is related only to the surface of a single corneocyte (keratinocyte) and consists of submicrometer pores or furrows, an ultrastructure pattern. It is not related to the rhinoglyphic pattern. The nose skin can thus have 2 unrelated patterns. This structure seems to be widespread among the Mammalia. We suggest the function of the structure is to keep the rhinarium evenly moist.
Skin and skin derivatives show adaptations to different environments. There may be regional differences across the skin of 1 individual, and these can be related to thickness (Solokov 1982; Zhen et al. 1999) . Some areas of the skin, like the cornea and footpads, reveal morphological exceptions to the generalized epidermal pattern. The thick epidermis of the nasolabial area of mammals exhibits a unique morphology as well (Affolter and Moore 1994; Al-Bagdadi 2013; Hutt et al. 2015) . The surface structure of the mammalian epidermis is usually smooth, but mammalian glabrous nasolabial epidermis can have specific macroscopic patterns formed as papillae, ridges, or polygons (Hill 1948) . Many cells form these dermatoglyphic patterns. They have been compared with human fingerprints and are heritable (Baranov et al. 1993) .
In our investigation of dog rhinaria, we found a novel ultrastructure pattern on the surface keratinocytes of the nasolabial area. This structure is present on single keratinocytes and thus differs from the rhinoglyphic pattern. To explore the generality of this pattern, we extended our investigation to additional species and found a similar pattern.
The surface pattern originates inside the structured nasolabial epidermis during cornification. We compare cornification in unstructured abdominal skin (Eckhart et al. 2013) , with cornification in the nasolabial area of mammals representing 4 orders. The patterned structure on the surface of the nasolabial skin appears to break the surface tension of water and thus may serve to distribute moisture evenly over the nasal skin.
Materials and Methods
We investigated the following species: Order Artiodactyla, Sus scrofa, pig (Linnaeus 1758 , protocol.nr LuBi SS 2012 , Ovies aries, sheep (Linnaeus 1758 , protocol.nr LuBi OA 2012 , Bos taurus, cattle (Linnaeus 1758 , protocol.nr LuBi BT 2012 ; Order Carnivora, Felis catus, cat (Linnaeus 1758 , protocol.nr LuBi FC 2012 , Canis familiaris, dog (Linnaeus 1758 , protocol.nr LuBi CF 2012 , Mustela putorius, ferret (Linnaeus 1758 , protocol.nr LuBi MP 2013 , Ursus arctos, bear cub (Linnaeus 1758 , protocol.nr LuBi UA 2015 ; Order Rodentia, Rattus norvegicus, brown rat (Berkenhout 1769 , protocol.nr LuBi RN 2013 ; Order Primates, Lemur catta, ring-tailed lemur (Linnaeus 1758 , protocol.nr LuBi LC 2014 . The artiodactylan species were obtained from a farm, the rat was euthanized for biomedical research and the cat, dog, ferret, bear, and lemur were obtained from local zoos following euthanasia for terminal illness or serious injury. We obtained 3-mm diameter biopsies, from the abdomen (belly) and nasolabial area from each animal.
Biopsies were immersed in 3% glutaraldehyde (Agar Scientific, Stansted, United Kingdom) in sodium cacodylate buffer 0.15 M (pH 7.2-7.3; Agar Scientific) and left in fixative overnight at 4°C. After fixation, the preparations were rinsed repeatedly in buffer before further processing.
Preparations for scanning electron microscopy were dehydrated in a graded ethanol series at room temperature, critical point dried (BAL-TEC CPD 030; Bal-Tec AG, Balzers, Liechtenstein), glued to metal holders, and coated with palladium/gold at 1.2 kV, 15 mA, 0.02 mbar (Polaron SC7640 sputter coater; Quorum Technologies Ltd, Kent, United Kingdom). We analyzed the specimens using a Hitachi SU3500 scanning electron microscope (Hitachi Ltd, Tokyo, Japan). Thirty pores were measured over the entire surface of scanning electron micrographs of the central glabrous area in 1-3 animals at a magnification of 6,500.
The preparations for transmission electron microscopy were fixed in 1% OsO 4 (Agar Scientific) in 0.1 M sodium cacodylate buffer for 1 h at room temperature. After rinsing in buffer, the preparations were dehydrated in a graded ethanol series, transferred to acetone, and Epon (Agar Scientific). The Epon was maintained at 60°C to polymerize for 48 h. Ultra-thin sections (50 nm) were cut with a Leica Ultracut UCT microtome (Leica Microsystems GmbH, Wetzlar, Germany). Staining on copper grids was performed with 2% uranyl acetate (Ted Pella Inc., Redding, California) and 1% lead citrate (Merck KGaA, Darmstadt, Germany) for 30 min. Sections were studied in a Jeol 1230 electron microscope (Jeol Ltd, Tokyo, Japan) coupled with a Gatan camera 791 (Gatan Inc., Pleasanton, California). Continuous sections over an area of several microns were examined in 1-3 specimens.
results
Abdominal skin.-Abdominal skin represents a generalized epidermis and serves as a reference for the derived nasolabial epidermis. Scanning electron micrographs of the furred abdominal skin revealed unstructured surfaces for the corneocytes in all species (Figs. 1a and 1b) . Transmission electron microscopy of the abdominal skin showed structural similarities in all species. Thickness of the abdominal epidermis varied from 20 to 70 µm across species (Fig. 1c) . Abdominal skin exhibited a fairly smooth border between the epidermal and dermal layers.
Protuberances from the keratinocytes in the spinous region contain desmosomes that span the intercellular space (Figs. 1c  and 1d ). Desmosomes provide cell adhesion that is preserved until the cells are shed peripherally. The desmosome cleft is 40 nm wide and the morphology of the desmosomes conforms to that reported by Haftek et al. (2006) . The stratum granulosum is characterized by loss of nuclei and organelles, and development of keratohyalin filaggrin and loricrin granules as described by Steven et al. (1990) as well as lipid-containing lamellar bodies Landmann (1980; Fig. 1c, inset) . The keratinocytes flatten and the intercellular spaces diminish in size (Fig. 1c) . Concomitant with the flattening of cells and shrinking of the intercellular space, the protuberances that carry the desmosomes, in the basal and spinous regions, retract and the desmosomes appear as patches on the cell membrane (Fig. 2a) .
The stratum corneum consists of cornified cells (corneocytes) that lack nuclei and cytoplasmic organelles. Each cell is thin (200-800 nm in width, depending on species) and the whole region consists of 10-20 cornified cell layers (Fig. 1c) . The protrusions of the keratinocytes, that retracted in the granular section, are absent and the desmosomes are seen as islands on the cell membrane (Fig. 2a) . The desmosome morphology is changed compared to the spinous section and conforms to the structure shown by Haftek et al. (2006) and Ishida-Yamamoto and Igawa (2015) . In our preparations, the intercellular space is filled with a granular material.
The flat keratinocytes of the granular and corneous regions hold together in an end-to-end structure in all species (except for the pig, see below) combined with part of the cell margin sliding above or below the neighboring cells (Fig. 2a) . Keratinocytes of the pig have more intricate connections throughout the granular and corneous regions. The cells split, fold, and intertwine (Fig. 2b) . Smooth areas interrupt this complicated pattern.
Nasolabial skin.-Nasolabial skin usually has a clearly visible (Fig. 2c ) dermatoglyphic (rhinoglyphic) pattern (Hill 1948) . The species we investigated have different rhinoglyphic patterns, but our objective was to investigate the ultrastructure pattern present on the cell surface and the surface of the epidermis.
Epidermal protrusions that form deep into the dermis (rete ridges), alternating with dermal papillae that approach the surface (Fig. 2d) , are characteristic of nasolabial skin. In places where the dermal papillae approach the surface, the epidermis can be as thin as 25 µm (dog), whereas the epidermal papillae protruding into the dermis can reach a thickness of 1.3 mm (cattle). Thus, nasolabial epidermis is considerably thicker than abdominal epidermis. This is due to the greater number of keratinocyte layers in the spinous, granular, and corneous regions.
Two main ultrastructure patterns can be identified on the epidermal surface of the rhinarium. One is characterized by cell surfaces studded with small pits (Figs. 3a-c) . The pits are closely apposed but with no specific pattern. Based on transmission electron micrographs for each species, each pit is approximately 1 µm deep. The interior of the pits may have a complicated shape. The invaginations are not always straight but can divide and turn (Fig. 5a ). Viewed from the surface, pits may conceal an intricate interior pattern.
The 2nd ultrastructure pattern is characterized by short, closely apposed furrows, that are about 1 µm deep, and wind in an intricate pattern over the cell surface (Figs. 3d and 4d ). Winding trenches with a depth of about 1 µm encircle the shorter furrows. Fig. 2.-a) Transmission electron (TEM) micrograph of keratinocytes in the corneous region of abdominal skin in a cow. The star labels an endto-end connection between keratinocytes. Arrows point at desmosomes. Scale bar 1 µm. b) TEM micrograph of the complicated structure in the corneous region of the abdominal epidermis in a pig. The intertwining keratinocytes in this species form less clear connections compared to (a). Scale bar 1 µm. c) Photo of the nasolabial area (rhinarium) of a dog. One cushion in the rhinoglyphic pattern is marked with an arrow. Scale bar 1 cm. d) Light micrograph of a cross section of the nasolabial skin of a lemur. The thick epidermis protrudes papillae (rete ridges) down into the dermis (white stars) and the dermis sends papillae toward the surface (indicated by black arrows). Scale bar 100 µm.
The ultrastructural pit pattern is present in many mammals and pore diameter shows little variation with a mean of about 370 nm (Table 1) . Pit shapes vary, with some (bovids) looking like closely packed cylinders (cylindric pits; Fig. 3a ) and others (primates and most carnivores) characterized by embedded pits (Fig. 3b) . The cat and rat (Fig. 3c ) display a variation of the embedded pits that are laterally compressed. The furrow-type ultrastructure pattern was found only in the pig (Fig. 3d) .
The basal and spinous regions consist of irregularly rounded cells separated by intercellular spaces as in the abdominal epidermis (see Fig. 1c ). The major portion of the epidermis lies within the spinous region. While the number of keratinocyte layers within the spinous region varies from 5 to 8 in the lemur, sheep, and pig, there are about 30 layers in nasolabial epidermis of Bos.
The keratinocytes of the granular region of the nasolabial skin differ from those of the abdominal epidermis in the large number of thick fiber bundles found in the nasal tissue. Here, the volume of the keratinocytes is reduced and these large bundles fill the keratinocytes adjacent to the corneous region (Figs. 4a and 4b, cf. Fig. 1c, inset) .
The protuberances containing the desmosomes in the spinous section do not disappear entirely in the granular region. They remain half their size and project into neighboring cells when the intercellular space diminishes (Figs. 4b-d ). This is a marked difference from the situation in the abdominal epidermis.
The corneous region of the nasolabial epidermis is thick in some cases and contains 30 layers of corneocytes (Fig. 5c) . The pattern of protrusions and invaginations present, in the granular region, is also present in the corneous region. The desmosomes associated with the pits are located around the bottom of the pits and connect with the fiber bundles of the cytoplasm (Fig. 5b) . The corneocytes are considerably thicker in the nasolabial epidermis than in the abdominal epidermis for all species investigated (cf. Figs. 1c, 2 , and 5c). They are usually spindle shaped and can be up to 5 µm thick in the middle of the cell (Fig. 5b) .
discussion
Pattern formation.-We describe a novel skin ultrastructure on the glabrous nasolabial area that appears to be common in many mammals. The nose skin has 2 surface patterns: the rhinoglyphic and the ultrastructural pattern on the corneocyte surfaces described here. The former encompasses large areas of epidermis and is clearly visible. The latter, of nanometer size, refers to the corneocyte surfaces, here termed a structured surface. The 2 patterns are unrelated to one another. Abdominal skin may or may not have a dermatoglyphic pattern, but it lacks the pattern on the corneocyte surface. Abdominal skin is devoid of any pattern in our material and is termed unstructured skin.
Different cornification processes result in either unstructured or structured skin surfaces. We suggest that the underlying cause of this difference is associated with the granular region of the epidermis during the process of cornification. We have demonstrated that, in the granular section, protrusions with desmosomes disappear in unstructured abdominal skin. The desmosomes form patches on the cell surface. This configuration is retained in the corneous regions, and when the peripheral corneous cell layers are sloughed off, an unstructured or smooth surface is seen on the abdominal skin. We also observed that keratinocyte protrusions do not disappear entirely in the granular region of structured epidermis. They persist as small extensions and project into the neighboring cells. This arrangement is maintained during transport into the corneous region. As a result, the surface of the corneous region shows some structure. The difference in surface pattern between the pit-type and furrow-type morphologies has no explanation.
Cornification process.-This comparative investigation of abdominal and nasolabial epidermis has produced some generalizations that apply to all of our specimens.
In the abdominal, unstructured epidermis, the granular region is thin, contains sparse fiber bundles and keratohyalin granules. In the nasolabial, structured epidermis, this region is several cell layers thick and contains no granules. The fibrillar bundles are thick and numerous. The accumulation of filaggrin granules at the intersections of fiber bundles in the unstructured epidermis is at times replaced by an accumulation of filaggrin along the thick fiber bundles in the granular region of nasolabial epidermis. The morphological difference between keratinocytes in the granular region may thus indicate a difference in the cornification process in abdominal and nasolabial epidermis (Eckhart et al. 2013 and references therein). Al-Bagdadi (2013) reports that the epidermis of the canid nasolabial skin lacks a granular region. This is correct insofar as this portion of the epidermis lacks granules. However, the transition zone between the spinous and corneous regions persists and is crucial to the formation of the surface pattern. Thus, this finding supports our assertion concerning nasolabial skin cornification.
The morphology of the corneous region is distinct in the nasolabial and abdominal epidermis. In the latter, the corneocytes are thin, whereas those of the nasolabial epidermis are considerably thicker. The situation is similar to that of hydrated skin demonstrated in in vitro studies of human and porcine skin (Bouwstra et al. 2003; Tan et al. 2010) . Hydration of the corneous region (Rowlings 2006 ) may present a difference between abdominal and nasolabial skin.
Surface structures.-Skin surface ultrastructure is present in a diversity of organisms. It is apparent in the skin and skin derivatives of many vertebrates and in the cuticles of arthropods where it is often referred to as micro-ornamentation. This term implies lack of function, but there is evidence demonstrating functionality.
The adhesive qualities of chamaeleonid feet present an excellent example. Here, the ultrastructure of the epidermis increases friction between the feet and substrate. The ultrastructure is formed by protrusions on the cell surface (Spinner et al. 2013a (Spinner et al. , 2014 and regarded as cellular morphology (Peterson and Bezy 1985). Microstructures such as pits and denticulations on snake scales may minimize abrasion and reduce friction (Klein and Gorb 2012 and references therein) . Scale ultrastructure can also influence optical properties (Spinner et al. 2013b) .
Surface ultrastructures are also found on cuticles. Hair-like devices on the feet enhance adhesion in arthropods (Wolff and Gorb 2012 with references) similar to the situation in reptiles. Ultrastructures on the cuticle can affect optical properties (Bernhard et al. 1970; Yoshida et al. 2012 ). The cuticle ultrastructure on the springtail (Collembola) prevents wetting and provides a layer of air for gas exchange (Nickerl et al. 2013) .
Presumed function.-With regard to the functional importance of ultrastructure on the body surface in a wide spectrum of animals, a specific function of the structures in the nasolabial skin does not seem unreasonable. Experiments on artificial surfaces with pores similar in size to those of the nasal pattern were shown to promote wetting (Bico et al. 2002) and are of particular relevance to the corneocyte pattern. The ability to collect water with the integument using micro-ornamentation on their scales has developed in lizard species from arid areas. In both cases, water spreads due to capillary forces (Commans et al. 2011) .
The wetting of the rhinarium remains enigmatic because many mammals, like sheep, cats, and dogs, lack glands in the nasolabial skin (Affolter and Moore 1994; Hutt et al. 2015) . Nevertheless, the rhinarium is wet and we suggest that the submicrometer surface structure of the nasolabial skin of mammals aids in keeping the nose evenly moist. Correspondingly, the disc of the nose of a pig nose disc with its simpler ultrastructure of furrows is dry, suggesting that there is no need for moisture distribution. The cell-to-cell connections in skin of the pig nose are more intricate than in other mammals and may provide the physical strength needed for extensive digging.
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